Abstract-To develop an intelligent robotic hand, diverse approaches have been applied, including optimum gripping force and slippage analysis. In this study, a robotic hand was modeled with tactile pressure sensors. The slip detection sensor, which is represented as a rotary encoder device, was employed to indicate the slip situation features, distance and velocity. Empirical findings imply that the correlation between the distance that an object has slipped and the required re-gripping force was developed to be availed as an automatic feedback algorithm. The slippage events were revealed and analyzed to perform the control system mechanism of the re-gripping mission.
I. INTRODUCTION
An effective robotic grasping operation can hold an object with appropriate grasping force, as well as estimate its weight; such estimation is considered a significant function of the robotic task. The advanced robotic hand should be improved enough to protect the gripped object from slipping down. Otherwise, the secured robotic gripping operation might be prone to failure. Therefore, the most interesting issue in robotic implementation is stipulated to supply the robotic system with specific types of sensors that can physically discover the surrounding environment. Considering that a robotic hand is a dedicated machine, it must be developed and provided with special types of tactile pressure and motion-detecting sensors to indicate the physical interaction between the robotic fingers and the gripped object. This paper focuses on the tackling slip situation, which also addresses the case of gripped object slippage after the slip events are indicated. The developed robotic hand was designed and constructed with tactile pressure force and position-measuring sensors. Such sensors can introduce the robotic hand to a particular robotic task environment through physical access, as well as control the robotic operations with sensor information. The algorithm of the automatic control system was developed to execute the novel approach of re-gripping task with different weights based on slip situation signals.
II. BACKGROUND
When a human hand is going to hold an object, the eyes still monitor the particular object, and they can easily assess the adequate grasping force appropriate for the object's weight. However, when this task is applied in robotic applications, the robotic hand does not demonstrate the visual ability and intellectual systems that can figure out this issue as humans do. The robotic hand can estimate the object's weight by utilizing tactile pressure sensors that can provide this operation with particular grasping force. Briefly, avoiding the excessive grasping force that breaks the fragile object, the robotic finger itself, or the robotic hand might fail when the object slips because of insufficient grasping force to provide a gripping operation.
Tactile pressure sensors work with many techniques [1, 2] , the most feasible among these sensors is the piezo-resistive pressure sensor, which is also called as force-sensing resistor (FSR) [3, 4] . This technique is widely utilized in different robotic fields [5] and biomedical applications [6] .
However, the FSR pressure sensor cannot detect slip situation signals, and its physical interaction events are restricted in both modalities of touching and continuous pressure force signals. Moreover, FSR does not provide information about slipping of a particular object [7] . Thus, the current robotic hand model, which uses FSR, still exhibits some defects in gripping operation. Additionally, FSR does not cover the facts on slipping that may occur during grasping implementations. Therefore, the gripping operation should be performed safely by controlling the object with different gripping forces based on slip detection. The current robotic hands using FSR have never introduced the slipping signals detected during the gripping operation [8, 9] . Moreover, none of them have mentioned the control system algorithm of re-gripping the object again after the slip situation was detected.
Therefore, aside from equipping the robotic hand with tactile pressure sensors, the device should also be provided with slip detection sensors. To achieve a robotic re-gripping operation, the particular robotic system should be controlled and managed by applying certain types of sensors that can indicate and measure the robotic slipping situations [10, 11] . A positiondetecting sensor, which is represented as a rotary encoder, plays a crucial role in providing re-gripping operation based on slip events. The optical rotary shaft incremental encoder is the most common device that produces digital information demonstrating the angular position [12] . Figure 1 shows the simple optical rotary encoder construction, which comprises three photo sensors and a certain number of slots [13] . The distance between two sequent slots is (360˚) because it presents one period of square wave [14] . More than one track is formed in this system; A and B can indicate the rotation position and reference position, respectively, in every rotation indicated by the photo sensor C [15] .
Overall, this study provides a novel understanding on incorporating slip detection sensors that enable the developed robotic hand to manipulate gripping tasks during slip events.
III. EXPERIMENTAL SETUP

A. Robotic hand model
In this experiment, a hard rectangular object was utilized as a sample for robotic gripping tasks. The weight and dimensions of this object are 42 g and 84 mm × 130 mm, respectively. The surface of this object is flat, and its dimensions are larger than those of each finger of the robotic hand model. Hence, the object covers the entire sensing area of the pressure sensor attached to the finger. The weight of the object gradually increased from 0.4118 to 3.187 N in each robotic gripping operation. This object contains small holes at the top side to add the weights and increase the object's weight.
The developed robotic hand was designed and structured to execute the essential goal of an object gripping, which measures and calculates the response of the slip detection device. The robotic structure of the proposed robotic hand model has been fabricated and assembled in 100 mm × 205 mm × 215 mm dimensions. This robotic hand consists of only one gripper that exhibits two fingers, and the maximum open dimension is 60 mm [3] . This gripper can be moved using a DC servo motor within only one degree of freedom in the X-axis. The robotic hand can hold weight up to 3.187 N [5] .
The fingers of the robotic hand model were provided with two FSR sensors (Tekscan, model A104), which are both attached on the robotic hand. The FSR sensors were applied to measure the continuous gripping force produced between the robotic hand and the object. The pressure sensor works with varied force ranges. The force range of the proposed design is 0 N to 111 N. The sensing area of FSR is 25.4 mm in diameter and 0.203 mm in thickness.
In the robotic gripping mechanism, the movement calibration control of the DC servo motor should be adjusted properly to avoid mechanical faults. The position of the motor can be controlled by receiving control signals from the MCU. The robotic finger moves automatically in the X-axis after detecting the object via infrared sensing. The control unit of the DC servo motor sends the current position to the MCU and receives the commands from the MCU to move to a new desired position. The driver circuit in the MCU sends pulse-width modulation signals through the control wire, and these signals can determine the desired position between 0 and 180˚. Generally, the servo motor expects to receive the signal every 20 ms, and the length of pulse indicates how far the motor turns.
B. Slip sensor and automatic feedback algorithm
The automatic feedback approach was applied by embedding the rotary encoder device, as shown in Figure 2 . The feedback control system was applied to avoid the slip continuity situation and is dependent on the slipped distance information. This approach is similar to the form of Hooke's law, which is expressed in Equation 1. This approach evaluates the required force for object re-gripping according to its slipping distance. The distance of object slipping can be estimated by calculating the number of generated pulses when the encoder roller commences to turn. Each generated pulse equals 0.03268 cm. The shaft of the encoder transforms the mechanical motion from the roller, which is in contact with the object, to the internal design of the encoder for counting and analysis. Consequently, the slipped distance calculates the required force for re-gripping attempts by applying Hooke's law.
Where F = force, K = constant, and X = the distance of an object slipping that is used to determine the amount of the required force to re-grip the object after the slipping signal is measured.
The measured data from rotating the rotary encoder device can be utilized as feedback information that can protect the gripped object from inevitable falling. The control system is proposed on the basis of the slipping distance information collected from the slipping situation.
Fig. 2: Rotary encoder is attached in robotic hand model
Generally, the output of an encoder consists of five wires; three of these wires are represented to indicate the direction of rotation and the number of revolution, and the two other wires are connected to the voltage power supply and ground. In connecting the encoder to the controller, the input voltage range of the encoder starts from 5 V to 12 V, and the output of the encoder should be pulled with 2 K to 10 K resistor to 5 V. This phenomenon ensures that the generated pulse is between 5 V and 0 V, in case the PIC of MCU is supplied with logic voltage of 5 V and 0 V. Figure 3 shows the schematic of the rotary encoder device connected to MCU. Figure 4 , the object's weight gradually increased within 10 gripping attempts. In each attempt, the number of pulses that have generated when the rotary encoder began to rotate was calculated. Additionally, the distance that the object has slipped was calculated on the basis of the number of generated pulses. The reliable control system provides the information of the required re-gripping force that is important to prevent the continuity of slipping the object. This approach is calculated using Equation 1. Table 1 shows the measured data extracted during the robotic gripping trials. The parameters of force and distance are documented, and the K value was calculated using Hooke's formula. The experimental gripping attempt was repeated with different weights to determine an appropriate value of K.
To ensure that the average value of K is an appropriate value, the standard deviation (SD) should be calculated, and it should be close to zero. Figure 6 shows the calculations of the max, min, average, and SD of the gripping attempts. The latter is a measure of how spread out numbers are, and the SD value of K is 0.01. The empirical findings have demonstrated the phase of indicating the considerable slip signals that would be interpreted to obtain a secure re-gripping attempt. The slippage features such as distance and velocity have been reported from a rotary encoder device. The automatic feedback control system was applied using Hooke's law to multiply the distance that the object has slipped with the K value. The required re-gripping force was calculated, and the experiment was repeated several times to accurately estimate the value of K. As such, the algorithm was achieved properly to perform an automatic re-gripping operation based on slip event information. For future works, slip detection sensors should be applied using various methods to more adaptively compare the actual human hand and the robotic hand. 
